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Abstract 
The potential impact of climate change on hydrological extremes is of increasing concern across the 
globe. Here a national-scale grid-based hydrological model is used to investigate historical trends 
and potential future changes in low flow frequency across Great Britain. The historical analyses use 
both observational data (1891-2015) and ensemble data from a regional climate model (1900-2006). 
The results show relatively few significant trends in historical low flows (2- or 20-year return period), 
whether based on 7-day or 30-day annual minima. Significant negative trends seen in some limited 
parts of the country when using observational data are generally not seen when using climate model 
data. The future analyses use climate model ensemble data for both near-future and far-future time-
periods (2020-2049 and 2070-2099 respectively), which are compared to a baseline sub-period from 
the historical ensemble (1975-2004). The results show future reductions in low flows, which are 
generally larger in the south of the country, at the higher (20-year) return period, and for the later 
time-period. Reductions are more limited if the estimates of future potential evaporation include the 
effect of increased carbon dioxide concentrations on stomatal resistance. Such reductions in river 
flow could have significant impacts on the aquatic environment and on agriculture, and present a 
challenge for water managers, especially as reductions in water supply are likely to occur alongside 
increases in demand.  
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1 Introduction 
There is a growing consensus that climate change will have a significant impact on the hydrological 
cycle across the globe, with particular concern about the effect on hydrological extremes; floods and 
droughts (Jiménez Cisneros et al. 2014). Hydrological droughts (i.e. deficits in river flow, or possibly 
in lake/reservoir/groundwater levels) are particularly important due to their detrimental impact on 
aquatic ecosystems and their effect on water supplies for human consumption (van Lanen et al. 
2016). In Britain this was recently highlighted by the drought of 2010-2012, which had significant 
environmental impacts across the country and necessitated the introduction of a number of 
measures including hosepipe bans to conserve water supplies (Kendon et al. 2013). Fortunately this 
serious drought was terminated in spring/summer 2012, but only by accumulated rainfall totals with 
return periods in excess of 100 years (Bell et al. 2013). 
Evidence of change in drought globally over the last half a century is mixed and apparently 
contradictory (Trenberth et al. 2014), with some studies suggesting little change (Sheffield et al. 
2012) but others suggesting increases (Dai 2013). Prudhomme et al. (2014) analyse changes in 
runoff, from driving seven global impact models with data from five global climate models under 
four representative concentration pathways, and suggest a likely increase in the fraction of global 
land area under drought conditions by 2070-2099 compared to 1976-2005. However, Sperna 
Weiland et al. (2012) show that projections of changes in discharge vary substantially, both spatially 
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and seasonally, with decreases in annual minimum discharge for large parts of Europe. Similarly, 
Roudier et al. (2016) look at potential future changes in extreme low flows (10- and 100-year return 
period) across Europe under a 2°C global warming scenario, and show increases in drought duration 
and decreases in flow to the south and west, but decreases in duration and increases in flow to the 
north and east. Arnell and Lloyd-Hughes (2014) suggest that, by 2050, between 0.92 and 3.4 billion 
people could experience increased water resources stress but between 0.35 and 2.9 billion people 
could experience decreased water resources stress (under a high emissions scenario and a ‘middle-
of-the-road’ average shared socio-economic pathway). 
In Britain, analysis of gauged flows for a set of near-natural catchments suggests significant 
increasing trends in 7-day and 30-day minima in a small number of catchments, mostly to the north 
west of the country, for 1973-2002, but these were influenced by several dry years towards the start 
of the time-period and no significant trends were seen in an analysis covering 1963-2002 in these 
catchments or elsewhere (Hannaford and Marsh 2006). Future projections for river flows, based on 
the UK Climate Projections 2009 (UKCP09; Murphy et al. 2009), suggest a general reduction in 
summer flows across the country, with a more mixed picture for flows in the other seasons 
(Prudhomme et al. 2012, Christierson et al. 2012). Charlton and Arnell (2014) use the UKCP09 
probabilistic projections for six catchments in England, and show reductions in Q95 (the flow 
exceeded 95% of the time) ranging between about -75% and -10% by the 2080s.  
In this study, a national-scale grid-based hydrological model is used with climate data from i) 
observations and ii) novel large ensembles of climate model runs, to investigate historical and 
potential future changes in low flows across Great Britain. The observation-based run of the 
hydrological model is used to assess whether there have been any significant trends in low flows 
anywhere in Britain, over 1891-2015. The observation-based results are compared to those from use 
of an historical climate model ensemble covering 1900-2006. Further climate model ensembles, 
covering near-future and far-future periods (2020-2049 and 2070-2099 respectively), are then used 
to assess potential future changes in low flows, compared to a baseline sub-period of the historical 
ensemble (1975-2004). The influence of using future potential evaporation (PE) estimates that 
include the effect of increased carbon dioxide concentrations on stomatal resistance is also 
assessed; this factor is often ignored when estimating PE for potential future climates. 
2 Methodology 
2.1 Hydrological model 
The Grid-to-Grid (G2G) is a national-scale hydrological model for Great Britain that runs on a 1km 
grid (aligned with the GB national grid), at a 15-minute time-step, and is parameterised using digital 
datasets (e.g. soil types) (Bell et al. 2009). It has previously been used to investigate potential 
changes in future flooding (Bell et al. 2012, 2016) and is used by the Flood Forecasting Centre for 
England and Wales and the Scottish Flood Forecasting Service (Price et al. 2012, Maxey et al. 2012). 
G2G performs well for a wide range of catchments across Britain (Bell et al. 2009), particularly those 
with more natural flow regimes as it currently does not include the effect of artificial influences like 
abstractions and discharges (e.g. effluent returns) on river flows. It has recently been shown to 
perform well specifically for low flows and for drought identification (Rudd et al. 2017). 
G2G requires input time-series of precipitation and PE (Section 2.2). The optional snow module (Bell 
et al. 2016) is not used here due to limited availability of the required daily minimum and maximum 
temperature data. Although this needs to be borne in mind, its effect on drought is likely to be 
limited. Flow regimes are rainfall-dominated in the vast majority of the country (Kay 2016), although 
snow melt can support summer flows in some catchments draining the Scottish highlands for 
example, where significant snow can accumulate over winter and melt slowly (Soulsby et al. 1997). 
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2.2 Driving data 
Two sets of climate data are used to drive the hydrological model, one using observational data and 
one using climate model data. 
The observation-based run of the hydrological model (OBS hereafter) covers 1889-2015, and uses 
1km grids of daily rainfall from CEH-GEAR (Keller et al. 2015, Tanguy et al. 2016) and 5km grids of 
monthly PE derived from monthly temperature data using the method of Oudin et al. (2005) (see 
Rudd et al. (2017) for more detail, including bias-correction of temperature-based PE towards more 
physically-based PE). The PE are copied to each of the corresponding 1km boxes of the hydrological 
model grid, and both PE and rainfall are divided equally down to the 15-minute model time-step. 
The climate model data are produced by the Weather@Home (WaH) system, which uses volunteer 
computing time to do large numbers of runs of the HadRM3P regional climate model (RCM) nested 
in the HadAM3P atmospheric global climate model (GCM), with prescribed sea-surface temperatures 
(SSTs) and sea-ice conditions (Massey et al. 2015). An updated version with a more sophisticated 
land surface scheme, WaH2 (Guillod et al. 2017), is used here. Each individual WaH2 simulation only 
covers 13 months (from 1st December), but they are stitched together using a novel technique based 
on soil moisture in the overlapping Decembers, resulting in 100-member ensembles covering three 
time-periods — Historical (HIST; 1900-2006), Near-Future (NF; 2020-2049) and Far-Future (FF; 2070-
2099) (Guillod et al. 2018). The Baseline (BS) time-period from the Historical ensemble, against 
which future changes should be compared, is 1975-2004, and the Near-Future and Far-Future 
ensembles use the RCP 8.5 emissions scenario (Riahi et al. 2011). Guillod et al. (2018) produce five 
alternative sets of Near-Future and Far-Future ensembles, with varying SST warming patterns 
derived from CMIP5 climate models; only those based on the median SST pattern are used here. 
Ensemble data from each time-period are used to drive G2G. The available variables include the 
required precipitation and PE, which are copied from the 0.22° (~25km) rotated lat-lon RCM grid to 
the corresponding 1km boxes of the G2G grid, with additional weighting based on standard average 
annual rainfall patterns to provide a spatially non-uniform distribution of precipitation within each 
RCM box (Bell et al. 2007). The RCM uses 360-day years (12x30-day months), and a simple bias-
correction scheme, based on monthly multiplicative factors, has been applied to precipitation 
(Guillod et al. 2018). 
PE is derived from other climate variables using the Penman-Monteith scheme (Monteith 1965). For 
the historical time-period, the calculation uses monthly stomatal resistance (rs) values from the Met 
Office Rainfall and Evaporation Calculation Scheme (MORECS; Hough and Jones 1997). For the future 
time-periods two versions of PE are produced, one using the same rs values as the Historical time-
period (NF_fixrs and FF_fixrs), and one using values adjusted to allow for closure of stomata under 
increased carbon dioxide concentrations (NF_adjrs, FF_adjrs) (Rudd and Kay 2016). See Guillod et al. 
(2018) for more detail, including the rs values applied. Using adjusted rs values substantially reduces 
the increase in PE between baseline and future time-periods, compared to using fixed rs (Guillod et 
al. 2018 Figs 14, S17-S19). Note that, unlike precipitation, PE is not bias-corrected (Guillod et al. 2018 
Section 4.1.2); this should be borne in mind when interpreting the results. Note also that use of 
Penman-Monteith PE is preferred over temperature-based PE, due to inclusion of other climate 
variables affecting PE (e.g. humidity and wind), but the limited availability of observed time-series of 
these variables for historical periods means that they cannot be used to estimate PE for the 
observation-based run. This complicates comparison of results from the historical ensemble runs 
and the observation-based run (see later). 
2.3 Low flow frequency 
Two common low flow measures are used to investigate changes in low flow frequency; the 7- and 
30-day annual minimum (AMIN7 and AMIN30) flows (Svensson et al. 2005). Grids of AMINn are 
saved for each year of each G2G model run by calculating the running mean of flows simulated over 
n days then saving the minimum in each calendar year. Low flow frequency curves are fitted to sets 
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of AMINn for each grid point, using the generalised extreme value (GEV) distribution and the 
method of L-moments (Zaidman et al. 2002), resulting in grids of low flows with specific return 
periods (2- and 20-years). Note that this method assumes statistical independence and stationarity. 
Two successive annual minima may not be independent in some years in some areas (e.g. where 
there is significant groundwater storage), but tests for independence are unreliable where the 
sample size is small, and methods to account for dependence are highly complex (Zaidman et al. 
2002), thus are not considered here. 
For the extended time-periods covered by the OBS run (1889-2015) and the HIST ensemble runs 
(1900-2006), a moving window approach is applied to enable analysis of low flow trends. The 
window, of length 30-years, is moved through each AMIN time-series (neglecting the first two years 
to allow for model spin up, Rudd et al. 2017). A low flow frequency curve is fitted at each position of 
the window, resulting in derived time-series of 2- and 20-year return period low flows (sampling 
uncertainty on return period estimates is not considered). To investigate (potentially non-linear) 
trends in the derived time-series of low flow return levels for the OBS run, isotonic regression 
(Barlow et al. 1972) is applied. This involves fitting the best non-decreasing or non-increasing step-
function, with the standard deviation (x2) of the step-function used as a measure of trend size 
(signed to represent trend direction). For the HIST ensemble runs, the isotonic regression is applied 
to the 10th, 25th, 50th, 75th and 90th percentiles of the 2- and 20-year return period low flows 
estimated for each ensemble member separately. To assess trend significance, the above analysis is 
repeated 500 times on random permutations of AMIN. If the original trend size sits in the lowest or 
highest 5% of the distribution of trend sizes from the permutations, then it is significant at the 10% 
level (in a two-sided test). A similar moving window approach with isotonic regression was applied 
by Kay and Jones (2012) and Kay and Crooks (2014) for flood frequency trends. 
The time-periods covered by the Baseline, Near-Future and Far-Future ensemble runs (1975-2004, 
2020-2049, 2070-2099 respectively) are too short to allow trend analysis, so low flow frequency 
curves are simply fitted to 28 years of AMIN data for each point for each run (the first two years of 
each run are again neglected). The analysis then looks at percentage changes in median 2- and 20-
year return period low flows from the Baseline time-period to the Near-Future and Far-Future time-
periods. Ideally more AMIN would be used for low flow frequency analysis; Zaidman et al. (2002) 
recommend using at least 40 years of data and say it is inadvisable to use fewer than 25 years. Only 
28 years could be used for each Near-Future and Far-Future time-series, hence very high return 
period low flows cannot be analysed, but the assumption of stationarity of annual minima is less of 
an issue for this shorter time-period than for a longer time-period. 
Results are presented as national maps, showing all points in Great Britain with a cumulative 
catchment area greater than 50km2. To aid understanding, specific results are also shown for four 
example catchments across the country; the Ruchill Water at Cultybraggan, the Ure at Westwick 
Lock, the Trent at Colwick and the Thames at Kingston (Figure 1 and Supp. Section 1). 
3 Results 
3.1 Historical trend analysis 
Figure 2 shows the 7- and 30-day AMIN and associated transient low flows simulated by the OBS run 
for the four example catchments, and Table 1 shows the associated trends in low flow frequency and 
their significance. Neither the Trent nor the Thames shows any significant trend, even at the 10% 
level. The Ure only shows a significant (negative) trend in 2-year return period low flows of 7- and 
30-day duration (significant at the 5% level). The Ruchill Water shows significant (negative) trends in 
the 2- and 20-year return period low flows at the 7-day duration, and 2-year return period low flows 
at the 30-day duration (significant at the 5% level). 
Figure 2 also shows the median and range of transient low flows simulated by the HIST ensemble 
runs for the four example catchments. In this case, none of the illustrated percentiles (5th, 25th, 50th, 
5 
75th, 95th) shows a trend significant at the 10% level (although individual ensemble members may 
show trends, see later); the 50th percentile trends are given in Table 1. When comparing low flows 
from the HIST ensemble runs with those from the OBS run, the former tend to be below to the 
latter. Possible reasons for this include some over-estimation of PE by the climate model (Guillod et 
al. 2018 Figure 4), or issues with the relatively coarse spatial scale of the climate model precipitation 
and its bias-correction. 
Table 1 Modelled trends in low flow frequency at the 2- and 20-year return period, for 7- and 30-
day durations, for the four example catchments. The significance of each trend is shown beneath it 
(see key below table). 
   Ruchill Water Ure Trent Thames 
Run Duration Return period     
OBS 7-day 2-year -0.095 
** 
-0.188 
** 
0.781 
- 
-1.991 
- 
  20-year -0.050 
** 
-0.049 
- 
-0.992 
- 
-1.472 
- 
 30-day 2-year -0.206 
** 
-0.519 
** 
1.362 
- 
-2.065 
- 
  20-year -0.078 
- 
0.078 
- 
-0.816 
- 
-1.316 
- 
HIST 
(median) 
7-day 2-year -0.009 
- 
-0.017 
- 
-0.303 
- 
-0.566 
- 
  20-year 0.003 
- 
0.008 
- 
0.061 
- 
-0.366 
- 
 30-day 2-year -0.015 
- 
-0.044 
- 
-0.547 
- 
-0.679 
- 
  20-year 0.008 
- 
0.018 
- 
0.118 
- 
-0.300 
- 
*** significant at 1% level; ** significant at 5% level; * significant at 10% level; - not significant 
 
Maps of low flow trends from the OBS run (standardised by dividing by the 2-year return period low 
flow magnitude for the last position of the moving window) show that they are generally only 
significant in parts of Scotland and northern England, plus some parts of eastern England and Wales 
(Figure 3). The majority of significant trends are negative (i.e. lower low flows), although there are a 
small number of points with significant positive trends in 2-year return period low flows in central 
England (including parts of the Trent catchment). Most of the significant trends in low flows come 
from trends in the GEV location parameter, rather than the scale or shape parameters (Supp. Section 
2.1); a decrease in the location parameter has the effect of shifting the whole low flow frequency 
curve downwards. Maps of trends for the HIST ensemble runs show substantially fewer significant 
trends than the OBS run, whether for the median or for high or low percentiles (not shown). Even if 
the trend analysis is applied to each HIST ensemble run separately (rather than to percentiles), the 
majority of ensemble members show no significant (positive or negative) trends (Supp. Section 2.2). 
3.2 Future change analysis 
Figure 4 shows the medians and ranges of the 7- and 30-day low flow frequency curves simulated by 
the Baseline, Near-Future and Far-Future ensembles (the latter two using adjusted rs PE; NF_adjrs 
and FF_adjrs), for the four example catchments. There is a reduction in low flows in the future in all 
cases, with a greater reduction for the later time-period. The ensemble ranges are not very wide and 
do not overlap much, except at higher return periods (above ~10-years) when there in any case 
greater uncertainty in fitting the GEV to the AMIN (due to using only 28 years). Figure 4 also shows 
the low flow frequency curve simulated by the OBS run for 1971-2000. As in Figure 2, there is a 
tendency for the low flows from the Baseline ensemble runs to be below those from the OBS run. 
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This is particularly the case for the Ruchill catchment, which could be related to its small size 
(100km2) relative to the climate model grid scale (~25km). 
Maps of the percentage change in 2- and 20-year return period 7-day duration low flows, between 
the Baseline median and the Near-Future and Far-Future (NF_adjrs and FF_adjrs) medians, show 
reductions across the country (Figure 5). Reductions are generally larger in the south than the north, 
larger at the 20-year return period than the 2-year return period, and larger for the later time-
period. Similar reductions are seen for 30-day duration low flows (Supp. Figure S3). 
Figure 4 also shows the medians of the 7- and 30-day low flow frequency curves simulated by the 
Near-Future and Far-Future ensembles with fixed rs PE (NF_fixrs and FF_fixrs) for the four example 
catchments. Comparing these to the equivalent medians with adjusted rs PE (NF_adjrs and FF_adjrs) 
shows that using a PE calculation that accounts for changes in stomatal resistance moderates the 
decreases in low flows, particularly for the later time-period. 
This is also shown by the maps in Figure 6, which present the ratios of the percentage changes in 2- 
and 20-year return period 7-day duration low flows when using adjusted rs PE compared to using 
fixed rs PE. Almost all of the ratios are less than one, meaning that there is less of a decrease in low 
flows when using PE with adjusted rs than fixed rs. The differences in percentage changes are much 
greater for the later time-period, although there is significant spatial variation, with the greatest 
differences in parts of eastern Scotland, north-east England and southern England. Similar ratio 
patterns are seen for 30-day duration low flows (Supp. Figure S4). Note that use of a high emissions 
scenario (RCP 8.5) accentuates differences for the later time-period; under a lower emissions 
scenario the adjustment to rs values would be less. 
4 Discussion and Conclusions 
A national-scale hydrological model has been applied with climate data representing both past and 
future time-periods, to investigate historical trends and potential future changes in low flow 
frequency. The results for the past time-period show relatively few significant trends in historical low 
flows, whether at the 2- or 20-year return period and whether based on 7-day or 30-day annual 
minima. The significant negative trends seen in some parts of Scotland, northern and eastern 
England, and Wales when using observation-based data are generally not seen when using climate 
model data. However, the results using climate model data for future time-periods show reductions 
in low flows, which are generally larger in the south of the country, at the higher (20-year) return 
period, and for the later (far-future) time-period. Flow reductions are more limited if the estimates 
of future potential evaporation include the effect of increased carbon dioxide concentrations on 
stomatal resistance. 
The relative lack of historical trends in low flows is consistent with analyses of observed flows, which 
generally show few clear trends in low flow indices in Britain (Hannaford and Marsh 2006) or for sets 
of catchments in northern Europe (Hannaford et al. 2013). Similarly, analysis of drought 
characteristics derived from simulated flows across Britain showed no clear changes through time 
(Rudd et al. 2017). One advantage of using a hydrological model for such analyses is that the 
simulated flows are typically only affected by changes in the climatic inputs, whereas gauged flows 
can be affected by other factors that can change through time, like abstractions, channel 
modification, land-use etc. (Hannaford 2015). Also, gauged flow records are typically relatively short 
so trends can be difficult to distinguish from natural variability (Hannaford 2015). The availability of 
much longer climate records means that simulated flows can be produced for longer periods, and in 
a consistent way for a large number of catchments (or on a grid, as here); although the climate time-
series may not be completely consistent through time due to changes in measurement networks and 
methods (Keller et al. 2015). A similar modelling approach was taken for catchments in France 
(Caillouet et al. 2017), using probabilistic reconstructed climate data to drive a hydrological model 
for 1871-2012. 
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For the long observation-based run of the hydrological model (1891-2015), only daily precipitation 
and monthly temperature data were available for the full period, thus PE had to be estimated solely 
from temperature rather than using a more physically-based scheme like Penman-Monteith which 
includes other climate variables and therefore could have different temporal changes (Kay et al. 
2013). The Penman-Monteith scheme was however used to produce PE for the climate model 
ensembles (without bias-correction), so this could be one reason for the difference in trend results 
between the observation-based run and the historical ensemble runs (Section 3.1). For example, 
Dewes et al. (2017) showed that use of different PE schemes leads to different trends in 
standardised drought indices in the US. Another possible reason for the difference in trend results 
here could be the application to percentiles from the historical ensemble runs, as this is likely to 
smooth the effects of natural variability (thus making the analysis more robust), whereas the 
presence of natural variability is likely to affect analysis of the observation-based run. Indeed, 
application of the trend analysis to individual historical ensemble members showed small numbers 
with significant trends, both positive and negative, in some parts of the country, but predominantly 
showed few significant trends. 
The use of (past and future) climate ensembles is particularly important when looking at low flows 
and droughts as it greatly increases the sample size; the most serious droughts in Britain tend to be 
prolonged in time and coherent in space, so the limited historical record may not provide a good 
basis for future planning (Watts et al. 2015). However, the results presented here only look at the 
effect of changes in climate, whereas changes in a number of other factors, like land-use, will be 
important. For example, an analysis of simulated river flows for the Thames at Kingston (1891-2013) 
suggests that the increase in urban land-cover in that period has increased summer flows by around 
15%, due to runoff from urban areas occurring even when soil moisture deficits exist (Crooks and 
Kay 2015). Similarly, the fact that the hydrological model does not include abstractions/discharges 
could be an issue, since water managers need to know what is happening, or could happen in the 
future, to real river flows rather than hypothetical ‘natural’ flows. Ongoing work aims to enhance 
G2G by including surface and groundwater abstractions/discharges. 
The results presented here for future changes in low flows in Britain are based on a single GCM with 
a single nested RCM (albeit with sea-surface temperature changes derived from a number of other 
GCMs; Section 2.2); results using other GCMs could be different. For example, Sperna Weiland et al. 
(2012) show that projections from a global hydrological model driven by data from 12 GCMs can 
diverge widely, with less consistency for changes in minimum and maximum flow than mean flow. 
Similarly, only one hydrological model has been applied here. A number of studies have shown that 
GCM uncertainty is greater than hydrological model uncertainty (e.g. Kay et al. 2009, Gosling et al. 
2011), but other studies have shown that hydrological model uncertainty can be greater for low 
flows than for mean or high flows (Vetter et al. 2017, Giuntoli et al. 2015). Similarly, Seiller et al. 
(2017) showed that the choice of both the hydrological model and the objective function used for 
calibration can significantly alter the projected changes in low flow, thus the choice of hydrological 
model may be more important for drought analyses. Another factor not considered here is snow, 
due to limited availability of required temperature data. While the effect of snow on future changes 
in low flows in Britain is likely to be limited (even more so than for high flows; Bell et al. 2016), and 
restricted to small parts of the Scottish Highlands for example, its historical effect could have been 
greater as temperatures were lower and thus snow would have been more widespread and 
prolonged (Kay 2016). Ongoing work is investigating use of data from an RCM driven by boundary 
conditions from 20CR reanalysis (Compo et al. 2011) for 1851-2014, to look at the effects of changes 
in snow on historical changes in low flows across Britain. 
From a water management perspective, anthropogenic climate change is only one of many stressors 
on sustainability of water resources. Non-climatic factors like population increase and economic 
development can place further strain on water resources by increasing water demand, alongside 
potential decreases in water supply caused by both climatic and non-climatic factors (Jiménez 
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Cisneros et al. 2014). Studies investigating the potential future balance of supply and demand, like 
that of Arnell and Lloyd-Hughes (2014) based on a simple threshold of annual per capita water 
availability, are thus important, as is more detailed water resource system modelling (Borgomeo et 
al. 2016). The flows from the hydrological modelling described here are also being used to 
investigate potential future impacts on river ecology and agricultural production. 
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Figures 
 
Figure 1 Locations of the four example catchments. 
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Figure 2 AMIN (plus signs) and transient low flows at the 2- and 20-year return period (black lines), 
for 7- and 30-day durations (left and right), simulated by the OBS run for four example 
catchments. Also shown are the medians of the transient low flows at the 2- and 20-year return 
period simulated by the HIST ensemble runs (blue lines), with the 25th-75th and 5th-95th percentile 
ranges (dark and light blue shading). 
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Figure 3 Maps of trends from the OBS run (scaled by the 2-year return period low flow magnitude 
from the last position of the moving window), for 2- and 20-year return period low flows of 7- and 
30-day duration. Trends that are not significant at the 10% level are greyed out. 
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Figure 4 Low flow frequency curve medians (lines) and ranges (shading) for the four example 
catchments, at the 7-day and 30-day durations (left and right). The medians are shown for five 
ensembles; Baseline (BS), Near-Future and Far-Future with adjusted rs PE (NF_adjrs, FF_adjrs), and 
Near-Future and Far-Future with fixed rs PE (NF_fixrs, FF_fixrs). The 25th-75th and 5th-95th percentile 
ranges (dark and light shading) are only shown for the BS, NF_adjrs and FF_adjrs ensembles. Also 
shown is the low flow frequency curve simulated by the OBS run. 
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Figure 5 Maps of the percentage change in 2- and 20-year return period 7-day duration low flows, 
between the Baseline (BS) ensemble median and the Near-Future and Far-Future ensemble 
medians with adjusted rs PE (NF_adjrs and FF_adjrs; left and right respectively). 
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Figure 6 Maps showing the ratios of the percentage changes in low flows when using adjusted and 
fixed rs PE for Near-Future and Far-Future (left, NF_adjrs/NF_fixrs; right, FF_adjrs/FF_fixrs), for 2- 
and 20-year return period 7-day duration low flows.  
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Supplementary Material 
1 Example catchments 
Results are mainly presented as national maps, but to aid understanding specific results are also 
shown for four example catchments. Some catchment information is provided in Table S1. 
Table S1 Details of the four example catchments. 
River Location NRFA* station number Area (km2) SAAR61-90**(mm) 
Ruchill Water Cultybraggan 16003 99.5 1889 
Ure Westwick Lock 27007 914.6 1118 
Trent Colwick 28009 7486 761 
Thames Kingston 39001 9948 706 
*National River Flow Archive; nrfa.ceh.ac.uk   **Standard Average Annual Rainfall for 1961-1990 
 
2 Results 
2.1 Historical trend analysis: GEV parameters 
The generalised extreme value (GEV) distribution has three parameters — location ξ, scale α and 
shape k — and the low flow QT with a return period of T years is given by 
QT = ξ + (α / k) ( 1 - (ln T)k ) (k≠0). 
An increase in the location parameter ξ has the effect of shifting the whole low flow frequency curve 
upwards, while an increase in the scale parameter α causes an increase in lower return period low 
flows and a decrease in higher return period low flows (with no change for low flows of return 
period T=e). An increase in the shape parameter k causes a decrease in low flows of all return 
periods except T=e. 
Figure S1 presents maps of the trends in the GEV parameters from the OBS run, showing significant 
negative trends in the location parameter in some parts of the country, but few significant trends in 
either the scale or shape parameters anywhere in the country. 
2.2 Historical trend analysis: HIST ensemble runs 
Figure S2 presents the proportion of HIST ensemble runs showing positive (left) or negative (right) 
trends (significant at the 10% level) in 2- and 20-year return period 7-day duration low flows. At the 
2-year return period, at most 23% of ensemble members show significant positive trends and at 
most 27% show significant negative trends, so at least 50% (usually much more) show no significant 
trend in any one location. At the 20-year return period the equivalent figures are at most 15% 
positive and 15% negative, so at least 70% show no significant trend in any one location. 
2.3 Future change analysis 
Figure S3 shows maps of the percentage change in 2- and 20-year return period 30-day duration low 
flows, between the BS median and the NF_adjrs and FF_adjrs medians. Figure S4 shows maps of the 
ratios of the percentage changes in 2- and 20-year return period 30-day duration low flows when 
using adjusted rs PE compared to using fixed rs  PE. 
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Figure S1 Maps of trends from the OBS run (scaled by the 2-year return period low flow from the 
last position of the moving window), for the GEV parameters for 7- and 30-day duration low flows. 
Trends that are not significant at the 10% level are greyed out. 
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Figure S2 Maps of the proportion of HIST ensemble runs showing positive (left) or negative (right) 
trends (significant at the 10% level) in 2- and 20-year return period 7-day duration low flows. 
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Figure S3 Maps of the percentage change in 2- and 20-year return period 30-day duration low 
flows, between the BS ensemble median and the NF_adjrs and FF_adjrs ensemble medians (left 
and right respectively). 
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Figure S4 Maps showing the ratios of the percentage changes in low flows when using varying and 
fixed stomatal resistance (left, NF_adjrs / NF_fixrs; right, FF_adjrs / FF_fixrs), for 2- and 20-year 
return period 30-day duration low flows.  
